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Abstract: Electron spectroscopic imagining (ESI) is a recently developed 
method which broadens the scope of electron microscopic imaging con- 
siderably. Phase separated diblockcopolymers of poly(styrene) (PS) and 
poly(methylphenylsiloxane) (PMPS) and their mixtures with the respective 
homopolymers exhibit domains which differ in elemental composition. One of 
the phases contains only carbon and hydrogen, the other one contains silicon 
and oxygen atoms in addition. This feature makes the systems a candidate to 
demonstrate the application of ESI to problems in polymer material science. 
Effects of solvent and surface phenomena were studied in unstained thin 
solution cast films prior to and after annealing. Elemental maps are compared 
with micrographs which were exposed at an energy loss for which so called 
structure sensitive contrast predominates. Both methods utilize the inelastically 
scattered electrons for imaging. 

Key words: Electron energy loss spectroscopy (EELS) - elemental mapping - 
electron spectroscopic imaging (ESI) - morphology of thin films of blockcopoly- 
mers of poly(styrene) and poly(methylphenylsiloxane) 

Introduction 

The determination of shape, size and size dis- 
tribution of domains in phase separated multi- 
component  polymer materials is a frequent task in 
electron microscopy and a basic problem in poly- 
mer material science. 

Phase separation of the components  of a block- 
copolymer can only take place on a length scale, 
typically of the order of 10 nm, related to the 
radii of gyration of the individual blocks. Phase 
segregated blockcopolymers form various mor- 
phologies (also known as ordered state) in ther- 
modynamic  equilibrium as a function of composi- 
tion according to the principle of minimal surface 

[1-3]i  Investigation of block copolymer morpho-  
logy is therefore a domain of transmission elec- 
tron microscopy (TEM) [4-6] .  

Varying elastic scattering power as a function 
of the atomic number  Z of the elements at distinct 
sites of the sample leads to contrast which, in 
addition, depends on specimen thickness and 
density of the components.  Since common poly- 
mers consist mainly of hydrogen and carbon and 
usually do not  contain heavy elements, their den- 
sities are similar and therefore contrast  is, in 
general, poor. In particular, when the components  
of a polymer mixture or a block copolymer are 
amorphous,  investigations by electron micro- 
scopy are only promising if the contrast  can be 
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enhanced by selective staining of one component. 
Reactivity of the constitutive units of one block is 
therefore a prerequisite to discriminate various 
phases in a sample. Thus, most what is known 
about the morphology of phase separated block 
copolymers originates from systems in which one 
of the blocks contains unsaturated bonds for 
which staining by osmium tetroxide (OsO4) is a 
conventional method of contrast enhancement 
[4-I0]. 

However, there are many cases where appropri- 
ate staining methods have not yet been estab- 
lished. Recent development in TEM design 
provided access to overcome the problem of lac- 
king contrast in the case where heteroatoms are 
concentrated in distinct phases of the sample. 
Instead of contrast enhancement by staining, the 
effect of inelastic interaction of the electrons with 
the material is utilized to discriminate phases 
locally. 

Inelastic scattering at the inner shells of atoms 
causes element specific energy losses of the elec- 
trons transversing the sample [11-13]. Electron 
energy loss (EEL-) spectrometers corrected for 
imaging errors have been integrated into the pro- 
jective system of a TEM [14-21] or have been 
adapted below the final screen [22]. They allow 
not only to record EEL-spectra but also electron 
spectroscopic images (ESI) and electron spectro- 
scopic diffraction (ESD). All options of con- 
ventional TEM (CTEM) are maintained and, in 
addition, the effect of chromatic aberration on the 
final image is eliminated. All experimental tech- 
niques and methods which use the integrated 
spectrometer are generally summarized in the 
literature as "energy filtering transmission elec- 
tron microscopy" (EFTEM) [23, 24]. EFTEM is 
particularly valuable in polymer science because a 
wide variety of polymer systems offer only low 
contrast but possess different elemental composi- 
tions of their components. It is therefore surpris- 
ing that only a few results using this method on 
polymers have been published yet [25-29]. 

The main body of this paper is centered around 
investigations on the morphology of thin films of 
a diblockcopolymer PS-b-PMPS (Scheme 1) con- 
sisting of poly(styrene) (PS) and poly(methyl- 
phenylsiloxane) (PMPS). This polymer system, for 
which a staining method is not known, has the 
peculiarity that its components are partially 
miscible. Synthesis and characterization by means 

PS-b-PMPS 

of other experimental methods have been de- 
scribed elsewhere [30-34]. 

CTEM failed to provide sufficiently detailed 
information about the morphology of the samples 
by ordinary bright field images because the con- 
trast between the components is too small. This 
was unexpected in so far as another system with 
poly(dimethylsiloxane) instead of PMPS blocks 
exhibits sufficient contrast to be imaged in bright- 
field [35]. This feature can be explained on theo- 
retical grounds, however. The presence of the 
heteroatoms silicon and oxygen in the PMPS 
component of the block copolymer makes it a 
candidate for EFTEM. First results of the inves- 
tigations on the bulk morphology by EFTEM 
have been published elsewhere [29, 32]. In this 
contribution we want to highlight the efficiency of 
the new technique by presenting investigations on 
thin solution cast films. 

Experimental 

Samples 
Synthesis and characterization of PS-b-PMPS 

are described elsewhere [30-32]. Some character- 
istic parameters of the sample CP1 to CP5 are 
listed in Table 1. The data originate (under differ- 
ent designation) from these papers. 

Sample preparation 

Thin films were cast from 0.5 wt.% solutions of 
the polymers in one of the solvents dichlorome- 
thane, tetrahydrofuran (THF), toluene or cyclo- 
hexane. Three to four drops of the solution were 
put on a microscope slide with or without carbon 
coating. In an attempt to ensure microphase sepa- 
ration, the evaporation rate of the solvent was 
slowed by placing the slide onto several sheets of 
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Table 1. Characterization of the investigated A-B diblock copolymers PS-b-PMPS (CP1-CP5) [30-32]. 

Sample )~r M,~/M. WpMPS (~PMPS Tg(PS) Tg(PMPS) TOD T 
[g.mol- x] [ ~ [ ~ [ ~ 

CP1 56500 1.03 0.240 0.225 88 - 27 99 
CP2 56000 1.04 0.350 0.331 97 - 25 147 
CP3 63800 1.06 0.419 0.399 91 -27  184 
CP4 56400 1.06 0.520 0.499 96 -25  164 
CP5 59000 1.05 0.770 0.754 87 -26  129 

4,:  number average molecular weight, determined by osmometry 
Mw/M,: polydispersity, determined by GPC 
W(pMes): weight fraction of the siloxane component, determined by 1H-NMR and elemental (Si) analysis 
~(PraFs): volume fraction of the siloxane component at room temperature 
Tg(ps) , Tg(PMps): glass transition temperatures of the components as determined by DSC 

Table 2. Characterization of the mixture M3 

M3: CP4 block homo total 
PS PMPS PS PMPS PS PMPS 

mass fraction n 0.33 0.17 0.16 0.49 0.18 0.65 0.35 
vol. fraction �9 0.325 0.175 0.15 0.505 0.17 0.68 0.32 
Mn(osm.) 55400 28800 26600 45000 100000 
P,, 470 274 196 429 735 

filter paper soaked with about 10 drops of solvent 
inside a Petri dish which was subsequently cov- 
ered by a lid. Some of the films were annealed in a 
vacuum oven at various temperatures. 

Solution cast thin films of the mixture M3 of 
CP4 with both homopolymer  constituents (for the 
characterization see Table 2) were prepared from 
a 0.5 wt.% solution in toluene. All films were 
floated off onto water and transferred onto hexa- 
gonal 600 mesh copper grids. 

Electron spectroscopic imaging (ESI) and 
Electron Energy Loss Spectroscopy (EELS) 

TEM observations were performed either with 
a Zeiss EM 902 (operated at 80 kV) or a Zeiss EM 
912f~ instrument (operated at 120 kV). 

Micrographs were recorded on Kodak  SO-163 
sheet film or on Ilford Pan F 35 mm film. The 
width of the energy window 6E used was 20 eV in 
the case of the EM 902 and 10 eV for the EM 
912~2. Some images in the latter instrument were 
recorded digitally via a silicon intensified target 
(Dage SIT-66) camera and processed by a Kon- 
tron/Zeiss IBAS image processing system. Pro- 

cessed images were transferred to Ilford Pan F 
photographic film via a photorecorder Montage 
FR1 (resolution 512x512pixels  and 256 grey 
values). Elemental distribution images were per- 
formed in the same way. 

EEL-spectra were recorded sequentially with 
the Zeiss EM 912(2 at 120 kV in the spectrum 
mode. The spectrum was shifted in 0.2 eV- steps 
over the energy selector slid of width 3E ~ 1.0 eV. 
Hence the energy resolution is limited by the 
energy dispersion of the primary electrons, which 
was determined to be 1.6 eV (half width of the 
zero-loss peak for a tungsten filament at illumina- 
tion angle 0.1 mrad at an emission current of 
4#A). 

Principles of energy filtering 

Contrast  is the essential prerequisite to the 
detection of a heterogeneity inside a matrix. In the 
present case, where we deal with the morphology 
of a polymer mixture or a blockcopolymer of the 
components PS and PMPS,  the considerations 
can be restricted to amorphous material ignoring 
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Bragg contrast which would arise from crystalli- 
tes. Contrast in TEM images is mainly produced 
by scattering of electrons inside the sample invol- 
ving both elastic and inelastic processes. The scat- 
tered intensity is a function of the density of the 
nuclei, their atomic number and the sample thick- 
ness. The contribution of elastically scattered elec- 
trons to image formation can be controlled by the 
size of an objective aperture. The angles into 
which electrons are scattered inelastically in a 
single event are so small that they cannot be cut 
by apertures and pass all diaphragms inside a 
conventional transmission electron microscope 
(CTEM) deteriorating the quality of an image 
with increasing sample thickness by the effect of 
chromatic aberration. 

The quantitative measure of the scattering po- 
wer relates to the scattering cross-sections for 
elastic and inelastic processes. Contrast between 
two phases can be expressed by the normalized 
difference of transmission of electrons through 
both phases. The transmission is defined as the 
fraction of electrons which either remain unscat- 
tered or are scattered through angles inside an 
objective aperture ~. According to Reimer et al. 
[24, 36-38] the transmission Y(e) can be written 
as a function of sample thickness t and objective 
aperture 

T(c 0 = exp [ - t" Ns" at(c0] , (1) 

Ns being the number of scattering centers per 
volume and o- t (~) the partial scattering cross- 
section of the corresponding element for all 
scattering angles O _> ~. Here, the total scattering 
cross-section represents the sum of elastic and 
inelastic cross-sections. We take advantage of this 
additivity in order to evaluate the contrast in the 
investigated polymer system and use the following 
equation 

T(oO= exp[ - t" N~" ~ n~" aa(oO] , (2) 

where ni is the mole fraction of element i and ati(oO 
the corresponding total cross section. Elastic 
cross-sections were calculated according to Lenz 
[39] using the following equations 

Z4/3 
6el = 1.87 x 10 -6 : f l ~  (3) 

and 

O-el 
O'el(O0 - -  1 -t- ~ / ~  )"0~/'~0 ~'2 ' (4)  

where fl equals v/c, i.e., the ratio of the velocities of 
the electrons and of light, and Z is the atomic 
number. O0 = 2/2nR is the characteristic elastic 
scattering angle with the de Broglie wavelength 2 
and the "atomic radius" R = a n �9 Z-1/3, an being 
the Bohr radius [24]. According to Reimer et al. 
[38] the inelastic scattering cross-section O'in can 
be estimated by O-in = 20"o-effZ. The angular de- 
pendency of ai, is, however, different from that of 
o-e~ and can be formulated [39] as 

] ai.(oO = 1 + (~/00)  2 -at- 21n(1 + 0o/O~ 2) (5) 

Using these equations, one can formulate both 
global and elastically filtered transmission. Figure 
la displays calculations of the transmission at a 
high voltage of 120 kV for phases of uniform 
thickness for the components of the frequently 
investigated blockcopolymer of polyisoprene (PI) 
and poly(styrene) (PS). The difference of transmis- 
sion between both components is very small for 
CTEM. It increases with decreasing size of the 
objective aperture at the expense of the absolute 
value of transmission. Another important result is 
the strong decrease of transmission when 
an energy selector is inserted, in which case the 
contrast vanishes almost completely in the ex- 
ample of PS-PI. 

The contrast between the phases of this block- 
copolymer is insufficient to discriminate between 
adjacent domains of different phases in conven- 
tional brightfield images obtained by either 
CTEM or EFTEM. In order to circumvent this 
problem the actual system is usually stained, i.e. 
the unsaturated component PI is selectively 
reacted with OsO4 thereby increasing the contrast 
significantly. This is shown in Fig. lb under the 
assumption that PI is converted to poly(0.5 
OsO4-isoprene ) upon staining. As in Fig. la the 
calculated difference of transmission between 
both components is smaller in the filtered than in 
the unfiltered case. Elastically filtered electron 
micrographs, however, are in practice more shar- 
ply defined, because the inelastic fog originating 
from electrons which are not focussed onto the 
final screen has disappeared. Figure lc displays 
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Fig. 1. Transmission for the systems a: PS-PI, b: PS-poly(0.50sO4-isoprene) and c: PS-PMPS; scattering cross-sections are 
calculated using Lenz's theory [39]. (For b it is assumed that every second repeating unit is stained by one OsO 4 without 
volume expansion to occur) 

the transmission calculated for the system PS- 
PMPS.  Both global and elastic brightfield images 
do  not exhibit sufficient contrast  in complete 
agreement with observation. 

The appropriate method to overcome the prob- 
lem of contrast  deficiency in samples of PS-b- 
P M P S  diblock copolymers is EFTEM,  which 
takes advantage of the presence of silicon and 
oxygen in only one of the components. Inelastic 
interactions of the electrons of the incoming beam 
with inner shell electrons of the atoms of which 
the sample is composed give rise to distinct energy 
losses the magnitudes of which are characteristic 
for each element. The position of the absorption 
edges on an energy scale is displayed in Fig. 2 
representing the EEL spectrum of the block co- 
polymer CP3. The silicon K- and L2,3-edges are 
found at 1840 eV and 99 eV, the oxygen K-edge at 
532 eV and the carbon K-edge at 283 eV. Si and O 
K-edges are evident in the spectra as recorded; the 
Si L2,3-edge which is superimposed to the steep 
slope of the plasmon region is shown with the 
background subtracted. For  this purpose the 
background under the absorption edge is extra- 
polated from a region of energy loss below the 
absorption edge but adjacent to it by a least 
square method. In order to determine the local 
distribution of a particular element in an image 
the same procedure has to be performed pixelwise 

"E 

0 200 400 

1839 

600 bE [eV] 

Fig. 2. EEL-spectrum of CP3 exhibiting Si L-, C K-, O K- 
and Si K-absorption edges. Intensities in areas of absorption 
edges are amplified, mass thickness background was stripped 
in case of the Si-L-absorption edge (120 kV, objective aper- 
ture e = 27 mrad, width of energy selecting slit 6E ~ 1 eV) 

in the imaging mode. However, due to the limited 
capacity of the memory  it is impossible to use a 
large number  of points for extrapolation. Pro- 
vided that the background intensity can be de- 
scribed by a power law 2 experimental points 
taken at energies below the absorption edge are 
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a b 
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Fig. 3. Silicon and oxygen mapping of a thin solution cast film of the blend M3. a: Si-L2,  ~- edge, b: O-K- edge, c: Si-K-edge. 
The partial images on top and bottom left represent the original 3 ESI images used to obtain the elemental distribution, and 
the partial images at bottom right are elemental maps. The inserts at lower magnification within the elemental maps are the 
original difference images shown without contrast enhancing, d: digitized ESI-image at AE = 260eV without contrast 
enhancing. The micrograph displays SSC between PMPS- and PS- phases. Siloxane domains appear as the brighter ones. 
(120 kV, ct = 4.5 mrad, 6E = 10 eV) 

sufficient to find the base line in a doub le  logar i th-  
mic plot.  One  finds this a s sumpt ion  experi-  
men ta l ly  justified in m a n y  cases and  hence,  this 
simplified p r o c e d u r e  was used in all cases dis- 
cussed here  to  calculate  e lementa l  maps.  

F igure  3 shows the raw images (denoted  by  the 
respect ive energy  losses AE) and  e lementa l  maps  

for a so lu t ion  cast  film of the mix tu re  M3 (c.f. 
Tab le  2). In this case phase  separa t ion  be tween a 
mix tu re  o f  the b lock  c o p o l y m e r  with h o m o  PS 
(matrix)  on  one  h a n d  and  h o m o - P M P S  at  the 
o the r  h a n d  takes  place at  a large scale. The  selec- 
ted area  conta ins  large doma ins  of  the P M P S  
phase,  the ma t r ix  and  a hole. F igure  4 represents  a 
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Fig. 4. Sketch of the procedure of elementaI mapping of a 
specimen modeling the sample shown in Fig. 3. Area A: pure 
PMPS macrophase, B: matrix consisting of PS and PS/PS-b- 
PMPS, C: hole. a, b. and c assign schematic EEL-spectra (on 
a double logarithmic scale) which correspond to the areas A, 
B, C. II-I3 represent the position AE of the energy windows 
used to record the three images necessary for elemental 
mapping. Filled circles: experimental values, open circles: 
extrapolation. S(a) and S(b): net element specific signal 

sketch of these three regions and of the corres- 
ponding EEL spectra. Region A (EEL spectrum a) 
represents the PMPS phase, B (b) the matrix and 
C (c) the hole. The raw images are taken at the 
positions I1 and I2 below and at the position I3 
above the absorption edge. The filled circles rep- 
resent measured intensities, the open circles extra- 
polated values. The straight lines a and b show 
different slopes. The absorption edges have differ- 
ent-step heights, representing different concentra- 
tions of PMPS in regions A and B, c is horizontal, 
because the intensity within the hole remains zero. 
According to the differences between the measu- 
red and the extrapolated values at position I3 
region A is shown as very bright on the elemental 
map, B appears as gray, and the area of the hole is 
black. This behavior can be verified in the experi- 
ment independent from the edge used (Fig. 3, 
bottom right of each series). The inserts at half 
magnification are the elemental maps obtained 
directly after the subtraction, the main pictures 
show the elemental maps after contrast en- 

hancement. The granularity seen in the image 
reflects electronic noise mainly from the intensi- 
fying camera which, of  course, is also amplified via 
contrast enhancement and should not be inter- 
preted as an effect of varying elemental concentra- 
tion. 

Recalling that the actual problem was to pro- 
duce images of the morphology of microphase 
separated diblock copolymer samples, we were 
not able to produce elemental maps on the 
grounds of technical problems: morpho log ica l  
subunits of a demixed block copolymer have di- 
mensions in the order of magnitude of 10 nm. 
Magnifications of 5.104 times and larger are ne- 
cessary to discriminate the subunits. The inten- 
sities in the region of either the K-edges of silicon 
or oxygen turned out to be too low in this range of 
magnification to register three images with a suffi- 
ciently low noise level; intensities of the Si L-edges 
which are superimposed to the slope of the plas- 
mon region could not be used either because the 
dynamical range of the SIT camera was not suffi- 
cient. 

However, for the purpose of discriminating ad- 
jacent domains of the block copolymer in an 
image, one can take advantage of another pro- 
perty of the EEL spectra of the components. 
Beyond an energy loss of about 50 eV the proba- 
bility of an inelastic event decreases continuously 
and comes to a minimum just below the carbon 
absorption edge. Inside P M P S  domains the con- 
tinuous slope originates from scattering at the 
carbon atoms to which intensity from the silicon 
L-edges is superimposed. Its relative contribution 
to the total intensity is therefore at its maximum 
when the contribution of carbon is at its min- 
imum. One can expect that a PMPS domain 
differs from an adjacent PS domain by contrast 
the former appearing brighter in the image, at 
least when both are of equal thickness. This effect 
leading to enhancement of the contrast by inner- 
shell losses of heteroatoms concentrated in do- 
mains is denoted as "structure sensitive contrast" 
(SSC). The expression might be misleading for 
polymers, but it has meanwhile been introduced 
into the literature [24, 38]. Images which show 
heterogeneities by SSC can be recorded on photo- 
graphic film in the conventional manner taking 
advantage of the much higher resolution offered by 
a photographic film as compared to a digitized 
image on a monitor. In comparison to elemental 
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mapping the possibility to analyze composition 
quantitatively is lost in SSC because effects of 
varying mass thickness cannot be sharply sepa- 
rated from effects of composition. However, in 
absence of very strong fluctuations of thickness 
the element specific information appeared to be 
the dominating feature in images of samples con- 
taining domains of PS and poly(siloxanes) [40]. A 
more quantitative consideration of SSC in the 
case of PS-b-PMPS is given in the appendix. 
Figure 3d depicts the same region of the sample 
M3 in SSC at an energy loss of 260eV. The 
micrographs of Fig. 3 verify that images in SSC 
give the same information as the ones obtained by 
element specific contrast. The siloxane domains 
appear as the brighter ones. 

Application of EFTEM to the investigation 
of thin solution cast films of PS-b-PMPS 
diblock copolymers 

Thin films of block copolymers are frequently 
prepared by solution casting. This gives rise to 
solvent effects in the morphology. If the solvent is 
a selective one for block A, block B will start to 
form micellae at a critical concentration in the 
course of solvent evaporation, while block A re- 
mains solvated. The nonuniform distribution of 
solvent between the components leads to a change 
of the volume fractions of the segregating phases 
with respect to the pure components at the order- 
disorder-transition (ODT). The type of the devel- 
oping morphology may thus be altered. Such 
solvent effects can only be removed by heating the 
polymer films above the ODT temperature [41]. 

Surface effects may strongly influence the mor- 
phology of thin block copolymer films as well. 
This was shown for thin film droplets of 
poly(styrene butadiene) blockcopotymers by 
Henkee et al. [42] by means of CTEM using 
stained samples. A spinodal wave may be induced 
by a surface even far above the microphase sepa- 
ration temperature [43, 44]. 

The effect of SSC is demonstrated by Fig 5 with 
a thin film of the diblock copolymer sample CP5 
which contains PS as the minor phase. The film 
was cast from dichloromethane solution onto a 
carbon coated glass slide. The series of 4 micro- 
graphs in Fig. 5 displays the contrast as a function 
of the energy loss AE. In agreement with the 

results shown in Fig. lc the elastic brightfield 
image (Fig. 5a) does not show any contrast at all 
with the exception of a circular dark area (bottom 
left) where the sample exhibits higher thickness. 
At an electron energy loss of 80 eV (Fig. 5b) the 
contrast of this thicker area is inverted. In addi- 
tion, a weak modulation of gray values can be 
seen that reflects mass thickness fluctuations. This 
modulation is significantly enhanced at 120 eV 
(above the Si L2,3-edge ) (Fig. 5c). The contrast 
then increases continuously toward the carbon K- 
edge as is demonstrated by the image taken at an 
energy loss of 270 eV in Fig. 5d. At this energy loss 
the contribution of electrons having interacted 
with carbon atoms only is at minimum. The 
different components can now be discriminated as 
distinctly in the SSC mode as can be similar 
structures of an OsO4 stained PS-b-PI block 
copolymer imaged in conventional brightfield. 

Solution cast films which were not annealed 
after preparation always exhibited a more or less 
granular structure independent of the composi- 
tion of the polymer, the kind of solvent (dichlor- 
omethane, THF, toluene and cyclohexane) and its 
evaporation rate. Figure 6 displays an electron 
micrograph of the sample CP4 cast from toluene 
as an example. This sample is expected to have 
lamellar structure in the bulk but only an un- 
specific granulation is observed. It is worth men- 
tioning that PS-b-PMPS does not differ from 
PS-b-poly(butadiene) solution cast films imaged 
after staining with OsO4 [45]. 

As already mentioned, the morphology of block 
copolymers prepared from solution is determined 
by the formation of micellae when a critical con- 
centration is exceeded [41, 46, 47]. With increa- 
sing micelle concenttation a regular morphology 
is developed and maintained in the bulk after all 
solven~ is removed. Thus the solvating properties 
of a particular solvent account for variations in 
the morpho!ogy at a distinct composition. How- 
ever, our observations on thin films did not clearly 
reveal how the kind of solvent modifies the mor- 
phology. One reason might be that solvent eva- 
poration during film preparation was not slow 
enough to establish equilibrium conditions. In 
addition, solvent effects cannot be separated from 
the influence of the solid surface of the substrate. 
It is usually the component with the lowest sur- 
face free energy which is in contact with the 
substrate thereby developing a basal layer. This 
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Fig. 5. ESI-images of a solution 
cast thin film of CP5 on a 
carbon substrate, a: AE = 0 eV 
(elastic brightfield), b: AE 

= 80 eV, c: AE = 120 eV, d: AE 
= 270 eV (80 kV, 6E = 20 eV, c~ 
= 8 rnrad) 

leads simultaneously to an excess volume of both, 
the surface active compound  at the surface and of 
the other compound  in the adjacent volume. The 
morphology is therefore expected to vary as a 
function of the distance from the solid surface. In 
a thin film, transparent enough for T E M  observa- 
tion, the width between the outermost  surfaces is 
not  sufficiently large to reach the state in which 
the composi t ion has its average bulk value. 

In order to avoid such effects the films were 
annealed at temperatures above the order-dis- 
order transition. During annealing the films dis- 
integrated into islands of nonuniform thickness 
which are not everywhere transparent enough for 
the electron beam. But this feature allowed the 
investigation of films of various thicknesses pre- 
pared under totally identical conditions. As ex- 
pected, morphologies of one of the types formed 
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Fig. 6. ESI-image of a thin film of CP4 cast from toluene 
solution on a carbon substrate (80 kV, AE = 260 eV, tSE 
= 20 eV, ~ = 8 mrad) 

A 

/~l Intensity 

Fig. 7. Sketch of various stacking of layers in outermost 
areas of thin films of PS-b-PMPS (top) and the respective 
brightness profiles which are expected in ESI micrographs 
(ssc) 

under thermodynamic equilibrium conditions in 
bulk [3, 4, 6] are not seen in the annealed films 
owing to the predominance of interactions with 
both the solid surface of the substrate and the free 
surface. 

The tendency that only one component  likes to 
make contact with the substrate favors a stepwise 
increase of the film thickness from the outermost 
edge of an island to the interior until the modula- 
tion of composition is no longer observable. This 
superstructure is sketched i n  Fig. 7, neglecting 

b 

Fig. 8. ESI-micrographs of thin films of CP3 on a carbon 
substrate, a: cast from cyclohexane solution and annealed at 
195~ b: cast from methylenedichloride solution and an- 
-healed at 145~ (80kV, AE =260veV, fiE =20eV,  ct 
= 8 mrad) 

details of the morphology inside a layer (top). The 
corresponding brightness profiles are shown be- 
low as expected from micrographs obtained in 
SSC mode. A homogeneous layer parallel to the 
substrate cannot be recognized as such in an ESI 
micrograph; its existence is deduced from the 
average gray level of the matrix and the visible 
composition of the subsequent layer. Figure 8a is 
an example for case A depicted in Fig. 7. Starting 
from the central hole, a very tiny white stripe is 
seen representing the projection of the outermost 
and basal layer of PMPS. The stripe borders upon 
a gray area in which two outer layers of PMPS 
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and one inner layer of PS are superimposed. A 
similar pattern occurs repeatedly because with 
increasing film thickness a mesh-like structure of 
the inner PMPS phase becomes visible. The sample 
was prepared from a cyclohexane solution of the 
polymer CP3; it was then annealed at 195~ 
(above the order-disorder transition). At this an- 
nealing temperature the memory of the film as to 
which solvent it was cast from is expected to be 
deleted. The bulk morphology of this polymer is 
the ordered bicontinuous double diamond struc- 
ture (OBDD) which is intermediate between 
lamellar and cylindrical order [-6, 48, 49]. Figure 
8b illustrates the case C of Fig. 7. The block 
copolymer was again CP3, but the film was cast 
from dichloromethane and annealed for 12 h at 
140 ~ (between the glass transition of PS and the 
order-disorder transition temperature). Here, one 
infers from the lack of the outermost white stripe, 
by the overall higher brightness of the outermost 
area and by the fact that in this area PS appears as 
the disperse phase in the second layer that the 
bot tom layer consists essentially of PS. We sug- 
gest in this case that primarily a continuous film 
of PS is formed on the substrate because PS 
remains dissolved for a longer duration of time 
than PMPS. At the annealing temperature the 
mobility of the PS blocks is high enough for the 
disintegration of the continuous film into islands 
but not sufficient to allow the disperse PMPS 
phase to come into contact with the solid surface. 
The outermost area borders upon a striated rim in 
which the sample could be lamellar owing to the 
PMPS excess volume. Proceeding further towards 
the center the structure changes occasionally ex- 
hibiting a hexagonal pattern of cylinders. The 
pattern is repeated towards the thicker interior of 
the island. Inside the rims differentiation between 
lamellae seen edge-on and cylinders parallel to the 
substrate seems rather meaningless in a film the 
thickness of which does not significantly exceed 
the repeat distance between the moieties. Thus far, 
an unambiguous discrimination is impossible for 
an electron micrograph. Recalling that the sample 
CP3 exhibits OBDD morphology in thermal 
equilibrium, we suggest that we observe lamellae 
at the rims and cylinders oriented perpendicular 
to the substrate in between as expression of a 
quasiperiodic fluctuation round the equilibrium 
volume composition. Owing to surface effects ex- 
cess volumina occur repeatedly in both of the 

components. The amplitude of the fluctuation 
decreases towards the center of the island. In 
addition, there is no argument in favor of a sud- 
den change of the orientation of cylinders at the 
boundary of the rim. 

Thin films annealed on a solid substrate have 
two kinds of surfaces: the one is in contact with 
the substrate and the other one is free. The inter- 
pretation of the electron micrographs may be 
more complex than suggested because we do not 
really know whether there are significant differ- 
ences between the surfaces which we see only in 
projection. Experiments with free standing films 
which were performed to eliminate this ambiguity 
were successful in only one case. Films of the 
samples CP1 to CP4 were annealed di)ectly on 
600 mesh hexagonal electron microscopic grids 
without any substrate a few degrees below the 
ODT. With the exception of sample CP2 the films 
showed to be not self-supporting during an- 
nealing. The material of the film wets the mesh 
bars of the grid which causes thinning of the free 
standing part followed mostly by rupture. Figure 
9 displays the thinned film of CP2. Although PS is 
the major component  in the block copolymer the 
visible composition is here inverted and PS ap- 
pears as the disperse phase. The morphology 
consists of two continuous PS layers with an 
intermediate layer which exhibits a hexagonal 
pattern of PS domains. Increasing thickness of the 
film towards the mesh bar (lower right corner) 
enables formation of lamellae or cylinders 

Fig. 9. ESI-micrograph of a free standing thin film of micro- 
phase separated CP2 annealed for 12 h at 140 ~ (80 kV, AE 
= 260 eV, 6E = 20 eV, a = 8 mrad) 
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oriented parallel to the direction of flow during 
annealing. The very bright spots near the mesh 
bar are assigned to high mass thickness contrast 
of short range thickness variations and are of no 
interest here. 

Increasing of the annealing time or temperature 
is followed by further thinning of the film. When a 
critical film thickness of the order of magnitude of 
the radii of gyration is reached the structure of the 

film becomes homogeneous. Such a behavior 
which was postulated for both thin films of block 
copolymers and polymer blends [42], was until 
now only demonstrated for blends [50]. 

Practical aspects of ESI in comparison 
to conventional techniques of electron 
microscopic imaging 

Electron spectroscopic imaging is undoubtedly 
efficient for systems which cannot be stained selec- 
tively but which contain heteroatoms in one of 
their phases. An important parameter for image 
formation is the local concentration of hetero- 
atoms in the domains to be imaged. It is normally 
low owing to the dominance of carbon atoms in 
an ordinary polymer; in the example of PMPS the 
concentration amounts to only 11 atomic % 
(ignoring hydrogen atoms). But such a considera- 
tion is only valid if the phase extends over the 
whole sample thickness. Otherwise, additional 
carbon atoms along the beam path through the 
matrix have to be taken into account diminishing 
the effective concentration and therefore the visi- 
bility of a domain or parts of it in an electron 
micrograph. This effect was used in order to 
evaluate the thickness of the interphase in the 
investigated system by means of electron micro- 
scopy [32]. 

The main problem for samples with rough sur- 
faces (as are many ultrathin sections in particular) 
is to differentiate between contributions to the 
intensity from the presence of heteroatoms and 
those of varying mass thickness. The appropriate 
procedure of discrimination between both contri- 
butions is elemental mapping. We found the ap- 
plicability of elemental mapping restricted with 
our camera equipment to coarse structures of a 
size of roughly 100 nm. For more detailed struc- 
tures which need high resolution or for elements 
with absorption edges at high energy losses the 

intensities are often not high enough to obtain 
images sufficiently free of camera noise. For noisy 
micrograph extrapolation, subtraction of images 
and subsequent image processing run the risk of 
producing ghost structures which should not be 
interpreted in terms of elemental concentration 
differences. For PS-b-PMPS block copolymers 
the application of SSC using the excess intensity 
behind the silicon L-edge adjacent to the C-K- 
absorption edge was a means to overcome the 
problem after it was clear from the macrophase 
separated mixtures that bright areas in the images 
could be assigned to the siloxane component. 

In spite of the restrictions mentioned, the sys- 
tem PS-PMPS is an example for problems the 
solution of which is obviously significantly facili- 
tated by the method of electron spectroscopic 
imaging (ESI). For a system which can be treated 
in both ways, either conventionally by staining or 
by the new imaging techniques the aspect of 
practicability or effort in the course of sample 
preparation becomes predominant in the com- 
parison of the methods. The preparation of bulk 
samples of PS-b-PMPS for instance needs cryo- 
sectioning in comparison to stained PS-b-PI 
which can be sectioned at room temperature. 
Staining of the unsaturated PI by OsO 4 is an 
unpretentious procedure which hardens the 
sample simultaneously. On the other hand, OsO 4 
is very toxic and has to be handled with great care. 
The number of selective staining reactions is small 
because they have to satisfy several conditions: 
they have to proceed in the solid state such that a 
change in the morphology does not occur; this 
request is by no means trivial since staining leads 
to reaction products which chang e the overall 
composition and number of components of the 
system. These features change the system (e.g., 
homopolymers are transformed into copolymers). 
For CTEM or for elastic brightfield images it is 
necessary to introduce heavy elements in such a 
way that they remain fixed in the sample if it is 
exposed to the vacuum inside the electron micro- 
scope. With the possibility of ESI, one could now 
consider additional (gaseous) reactions in the 
solid state, which introduce selectively distinct 
elements (not necessarily elements of high atomic 
number) into a polymer. Another aspect is the 
question of whether polymer samples tolerate the 
electron doses which are much higher for work 
with inelastically than for elastically scattered 
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electrons. This is demonstrated by the overall 
intensity at 260 eV, which amounts to about 
1/1000 of the intensity for the corresponding elas- 
tic brightfield (if the specimens are not thicker 
than 50 nm) giving rise to long exposure times 
(45-60 s). The PS-b-PMPS block copolymers tur- 
ned out to be rather insensitive against irradiation 
damage. There are examples known (e.g., PMMA) 
where elements cannot be used for ESI techniques 
because of inherent beam damage followed by 
evaporation of fragments. 

Appendix 

The structure sensitive contrast in the system 
P S - P M P S -  a short consideration 

In the investigated system strong structure 
sensitive contrast (SSC) occurs at an energy loss 
AE of the imaging electrons between ca. 200 eV 
and 260 eV, i.e., below the C-K edge where a 
significant difference is observed between the in- 
tensities of electrons having passed PS or PMPS. 
To characterize SSC one has therefore to take 

into account the particular excitations which can 
contribute to energy losses up to 260 eV. 

In order to determine the fraction of electrons 
having lost A E < 260 eV, we consider the total 
probability for inelastic scattering and subtract 
the probability for inelastic interactions leading to 
AE > 260 eV. Thereby we will not take into ac- 
count Compton-scattering, which at AE = 260 eV 
should be cut off even by very large objective 
apertures. 

As above, scattering cross-sections are used to 
calculate scattering probabilities. The inelastic 
cross-section O'AE<26o for electrons with AE < 
260 eV is calculated according 

(TAE< 260 (~) = O'in(00 --  (YAE> 260 (6) 

using Lenz's theory [39] for each element in the 
sample; summation yields ain(00 per repeating unit 
of PS or PMPS. 

Excitations of outer-shell electrons account for 
plasmon losses and interband transitions leading 
to low energy losses. Element-specific ionization 
losses have their origin in inner-shell excitations. 
In the particular case of PS-b-PMPS only the Si 

Table 3. Total and partial inelastic scattering cross-sections in units of 10- / /m 2 for elements and repeating units in the system 
PS-PMPS calculated using Lenz's theory [39] and according to Reimer [24, 36] for instrumental parameters used in the 
investigation, a in units of 10-21m / 

Element/ aar>o for 0 < O < a 
Component 80 kV 120 kV 

= n a = 8 mrad e = 7z a = 4.5 mrad 

a(per atom) 
H 1.48 1.35 1.09 0.94 
C 2.69 2,22 1.97 1.50 
O 2.96 2.39 2.17 1.61 
Si 3.57 2.76 2.62 1.85 

a(per repreating unit) 

PS 33.39 28.53 24.49 19.51 
PMPS 37.24 31.47 27.31 21.48 

a(inner-shell losses for AE > 280 eV) 

PS 0.126 0.126 0.085 0.085 
PMPS 0.120 0.120 0.081 0.081 

a(inner-shell losses for 0 < AE < 280 eV) 

PS 1.435 1.435 0.967 0.967 
PMPS 1.740 1.740 1.179 1.179 

a(plasmon losses) 
PS 16.42 16.42 11.48 11.28 
PMPS 18.94 18.94 13.28 13.28 
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L2, 3- and Si Ll-edges at 99 and 150 eV respec- 
tively originate from inner-shell losses and are in 
the position to transmit information about  how 
silicon is distributed over the sample. No  selective 
oxygen inner-shell signal can contribute to the 
image intensity in the energy region under discus- 
sion because the oxygen K-edge is beyond the 
carbon K-edge. 

Scattering cross-sections for inner shell excita- 
tions were evaluated according to Bethe [51], 
plasmon cross-sections using an approximation 
given by Reimer [36]. Angular dependence of 
inner shell scattering cross-sections was ignored, 
because in our case ~ is much greater 'than the 
characteristic inelastic scattering angle. For  the 
evaluations, we used the actual instrumental para- 
meters under which images were recorded. Results 
are given in Tables 3 and 4. 

It turned out  that  plasmon excitations are 
essential beside the Si L2,3- , Si Ll -and  O L1- 

Table 4. Ionization cross-sections in units of 10-22m 2 ac- 
cording to Bethe [51] for elements calculated per repeating 
unit of component (ionizations of shells in bold letters do not 
contribute to SSC at 280 eV) 

Component Element- 
Shell (AE[eV]) a(80 kV) a(120 kV) 

PS 

PMPS 

H-K (13.6) 1.435 
C-K (283) 0.1256 
H-K (13.6) 1.435 
O-L 1 (25.7) 0.1661 
Si-L2, 3 (99) 0.1134 
Si-Lt (150) 0.02495 
C-K (283) 0.1099 
O-K (532) 0.00803 
Si-K (1840) 0.00203 

0.9667 
0.08463 
0,9667 
0.1190 
0.07641 
0.01681 
0.07406 
0.00541 
0.00137 

excitation which come into play only for domains 
of the P M P S  component.  However,  among the 
cross sections so far calculated-for single scattering 
events are none which yield energy losses in the 
proximity of 260 eV. Therefore multiple scattering 
along the b e a m  path through the specimen ac- 
counts for energy losses which are selected by the 
energy window at about  260 eV. 

Scattering cross sections per volume S corres- 
pond  to the absolute scattering probabil i ty and 
were evaluated taking into account density and 
molecular weight of the repeating units of PS and 
PMPS.  They are listed in Table 5 together with 
mean free path lengths. F rom the comparison of 
mean free path lengths and realistic sample thick- 
nesses (exceeding 50 nm only exceptionally), it 
follows that for the PS component  only plasmon 
losses are in the position to contribute signifi- 
cantly to the intensity at a A E of about  260 eV by 
multiple scattering. In the P M P S  component  mul- 
tiple plasmon scattering is superimposed by the 
feature of inelastic scattering at the Si L-edges. 
Prerequisite for the contrasts in which silicon 
containing domains are visible originates from the 
fact that the ratio between the intensity offset and 
the intensity of the background are highest just  
below the carbon K-edge. It is also worth noting 
that the contribution of plasmon losses to SSC is 
quite similar for both components.  
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Table 5. Scattering cross-sections S per volume of the components for inelastic interactions in the region 0 < AE < 280 eV (in 
units of l0 s m- 1) and mean free path 2 (in #m) for the instrument settings 80 kV, ~ = 8 mrad and 120 kV, c~ = 4.5 mrad 

Component PMPS PS 
interaction 

80 kV 120 kV 80 kV 120 kV 

S 2 S 2 S 2 S 2 

H-K (13.6 eV) 7.263 1.377 4.893 2.044 8.725 1.146 5.878 1.701 
O-L 1 (25.7 eV) 0.841 11.89 0.602 16.60 . . . .  
Si-Lz, 3 (99 eV) 0.574 17.42 0.387 25.86 . . . .  
Si-L 1 (150 eV) 0.126 79.18 0.085 117.5 . . . .  
Plasmon*) (22.5 eV) 147.9 0.067 103.8 0.096 154.1 0.065 105.9 0.094 

*) Values for total and partial plasmon cross-sections (Table 3) corrected by the ratio of calculated and experimentally 
verified cross-sections for amorphous carbon [24] 
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